ABSTRACT We have measured the distribution of the hexavalent ruthenium red cation (RuR) between water and phospholipid membranes, have shown the critical importance of membrane negative surface charge for RuR binding, and determined the association constant of RuR for different phospholipid bilayers. The studies were performed with liposomes made of mixtures of zwitterionic L-a-phosphatidylcholine (PC), and one of the negatively charged phospholipids: L-a-
INTRODUCTION
Ruthenium red (RuR) was discovered in 1892 (Joly, 1892) . It is an inorganic, intensely colored compound prepared from RuCl3 in a NH3 solution and never occurs in nature. Mangin first described the staining properties of RuR to visualize pectin in plant cells (Mangin, 1893) , and since then it has been widely used in biology. RuR is used in light microscopy as a generic stain for polyanions with a high charge density (Murano et al., 1990) . Reimann published the first electron micrographs employing RuR as a stain (Reimann, 1961) , and several authors extensively discussed its usage for electron microscopy (Dierichs, 1979; Luft, 197 1a,b) .
In addition to its staining properties, RuR is an extremely potent modulator of biological activity. The spectrum of RuR activity is broad because RuR associates with numerous Ca2+-binding proteins (Charuk et al., 1990) . Because of its association with Ca2+-binding proteins, RuR interferes with the function of the Ca2+ ion as a chemical messenger.
For example, RuR is a potent inhibitor of Ca2+ uptake and Ca2+ release in mitochondria (Moore, 1971; Vasington et al., 1972; Luthra and Olson, 1977) . RuR is known to inhibit Ca2+ pump activity in membranes (Watson et al., 1971) and to block the release of Ca2+ from the sarcoplasmic reticulum (Salama and Abramson, 1984) . RuR interference with nerve transmission is related to the reduction of neurotransmitter release (Taipale et al., 1989) . Another example is the RuR-induced alteration of the enzymatic activity of the Ca2+-binding protein calmodulin (Sasaki et al., 1992) . The use of RuR in sensory neuron research has been reviewed by Amann and Maggi (1991) . Because of the well-documented action of RuR on Ca2+-dependent events, it has been extensively used in studies of Ca2+ binding sites in proteins. Most studies of the effects of RuR in biomembranes have been focused on proteins, but little is known about the interaction of RuR with the lipid matrix of biomembranes. The objective of this work was to study the binding of RuR to well-defined phospholipid bilayer membranes.
In an aqueous environment RuR is present as a hexavalent cation (Carrondo et al., 1980; Fletcher et al., 1961) [(NH3)5Ru"' -0 -(NH3)4RuIV -0 -Ru"'(NH3)5]+6 which, due to its high positive charge, is expected to be very responsive to negative charges on proteins, lipid membranes, and cation carriers. The significance of electrostatic effects in RuR binding follows from the expectation that the distribution of the hexavalent RuR cation in the vicinity of negatively charged groups on biomembranes will be determined approximately by a Boltzmann factor, exp , where V is the local electrostatic potential.
The possibility of electrostatically mediated action of RuR in biomembranes in relation to its adsorption to negatively charged lipids has been already considered in the literature. Moutin et al. (1992) proposed that the low-affinity Ca2+ binding sites in SR membranes may originate from lipids in the vicinity of Ca2+-ATPase. Another case of electrostatically mediated action of RuR was invoked in the mechanism of inhibition of the Ca2+ pump in the plasma membrane and in the rationalization of the stimulating effect of negatively charged lipids. It was proposed that the inhibition of the Ca2+ pump by RuR is of electrostatic origin, mediated by the neutralization of negatively charged phospholipids by adsorbed RuR cations (Missiaen et al., 1990) . Adsorption of ions to lipid membranes has recently been reviewed by Tatulian (1993) .
In view of the extensive use of RuR in studies of biological membranes and the lack of quantitative data on adsorption of RuR to lipid bilayers, we have measured the distribution of RuR between water and liposomes with a welldefined surface charge density. The study was done with liposomes prepared from mixtures of zwitterionic phosphatidylcholine (PC) and one of the negatively charged lipids: phosphatidylserine (PS), phosphatidylinositol (PI), or phosphatidylglycerol (PG). RuR was found to have higher affinity to PS-containing membranes relative to PC-PG and PC-PI membranes. We show that the distribution isotherms can be reproduced with the Langmuir-Stern-Grahame adsorption model (also called the Gouy-Chapman-Stern model with mass action formalism or mass action equations).
Within the framework of this model the hexavalent RuR behaves as a cation with effective valency <6. In addition, effective valency was found to be a function of the membrane surface charge density. We (1976) , which combines Langmuir adsorption isotherms with the Gouy-Chapman theory of the diffuse double layer. This model has been found adequate for a number of adsorbing species (McLaughlin, 1989) .
Two models of RuR adsorption, designated A and B, are considered. In model A the adsorption sites are only the negatively charged lipids; in model B adsorption to membrane lipids is assumed to be nonselective. Both models include co-adsorption of RuR and monovalent ions (CAT) to phospholipid bilayers, which is described by a Langmuir adsorption isotherm. Accordingly, the membrane surface density of RuR ions, (RuR)m, depends upon the association constant, KmUR, the concentration of RuR adjacent to the membrane surface (in view of the fact that some liposomes may be multilamellar, it is assumed that RuR does not form "trans" complexes between lamellae), [RuR] Stock solutions were prepared at least 1 day in advance and used for no more than 5 days after preparation. Solutions were kept in the refrigerator. Actual RuR concentrations were determined spectrophotometrically by the method described by Luft (1971a (12) where parameter RA = A360 nm/A533 nm is the ratio of absorbances at A360 nm and A533 nm for RuR solutions without liposomes. (We have established that the UV/VIS spectra of the supernatant can be understood as a superposition of apparent absorbance from light scattering due to residual lipids and a conventional spectrum of RuR. To avoid using experimental absorbance at 360 nm, which is strongly affected by the residual lipids, when correcting for the presence of RuB impurity, the parameter RA provides a better method of correction.)
When the spectrophotometrically obtained RuR concentration was compared with that obtained gravimetrically, significant differences between listed and actual dye contents were found. Fluka-RuR (listed dye content 90-95%) actually contained only about 20-25% of RuR. (It may be useful for others to know that Fluka uses a chloride titration as the purity test. We found that the data provided by the company are misleading because most RuR impurities contain chloride as the counter-ion.)
Adsorption measurements Experimental procedure
RuR stock solutions were diluted and mixed with the same volume of liposomes or buffer in polypropylene tubes. Final volumes were between 2 and 4 ml. The tubes were filled with nitrogen and vortexed briefly. Tubes containing the lipids were frozen in liquid nitrogen, thawed in water at 25'C, and vortexed for a few seconds (tubes made from glass or polystyrene tended to break during this process). It was found that five FAT cycles are sufficient to reach an equilibrium distribution of RuR. In the next step, the lipid containing solution was centrifuged at 100,000 X g (20°C) for 2 h. Pellet and supernatant were separated immediately after centrifugation. Neither the FAT procedure nor the centrifugation protocol had a measurable effect on the RuR concentration.
For spectrophotometric measurements a Beckman DU-7 spectrophotometer was used (Beckman Instruments, Irvine, CA). Either semi-micro cells made from UV grade methacrylate or self-masking micro cells made from Spectrosil were used. Each cell had a 10-mm optical path length. Because of the variations in path length, the plastic cells were calibrated by using RuR-saturated quartz cells. Plastic cells were used whenever possible because they were much less stained by RuR solutions. Characterization of the RuR-liposome system Ruthenium red Fig. 1 a illustrates a typical spectrum of commercially available ruthenium red: a main peak at 535 ± 1 nm (RuR) with a slight shoulder at about 480 to 500 nm, a very broad peak at 735 ± S nm of ruthenium violet (RuV), a small peak at 362 ± 3 nm due to ruthenium brown (RuB), and a sharp peak at 256 ± 1 nm with a broad shoulder around 300 nm. The spectrum can be understood qualitatively using the spectra of pure RuR impurities given by Luft (1971a) (Fletcher et al., 1961) ; the ratio was found to be 9.8. Because we found A533 nm:A376 nm = 5 0.6, it is likely that half of the RuB peak is caused by RuR. The 376-nm RuR peak also causes the average 2-nm offset of the RuB peak.) The absorption peak at 256 nm is most likely caused by nitrosylruthenium impurity.
Luft lists three other potential impurities: ruthenium (III) hexamine trichloride (273 nm), ruthenium (IH) chloropentamine dichloride (327 nm), and nitrosylruthenium (250 nm). Hochmann et al. (1981) reported 275 nm for the peak of ruthenium (III) hexamine trichloride and 323 nm for ruthenium (Ill) chloropentamine dichloride.
Based on spectrophotometric measurements, the purity of RuR in the batch used in our studies was 21 ± 3%.
Time stability of RuR solutions
Spectra of RuR solutions were monitored for 50 days. During this time the solutions changed their color from magenta to reddish brown to clear. We found an exponential decay of RuR absorbance (533 nm RuR peak) for both KPCB and HEPES buffer solutions at pH 7.3. Within about 30 days the absorbance values decreased to 37% of the initial readings.
Interaction of RuR with glassware
We found that RuR strongly adsorbed to all conventional laboratory glassware. We therefore replaced all glass containers and tubes with plastic ones. No measurable adsorption to polycarbonate, polypropylene, or polystyrene was found. Fig. 1 
FAT cycle characterization
Two sets of experiments were done to optimize and characterize the FAT procedure. In the first set we measured the RuR concentration in the supernatant of a centrifuged RuR-liposome suspension as a function of the number of FAT cycles (Fig. 2 a) . Adsorption of RuR to liposomes was proportional to the difference between the initial and the final, equilibrium concentration of RuR. Only weak adsorption of RuR was observed without the FAT procedure. This indicated that adsorption occurred to the outermost layers of multilamellar liposomes. RuR adsorption increased with each successive FAT cycle for up to 4 FAT cycles. For 4 or more FAT cycles RuR adsorption appeared to decrease, which was an experimental artifact caused by fragmentation of liposomes and the difficulty of pelleting small particles by centrifugation. We found, in agreement with Mayer and co-workers (Mayer et al., 1985) , that 5 FAT cycles was optimal.
Changes of particle size distribution during the FAT procedure were characterized in another set of experiments. We have used Angstr6m's relationship (1929) (13) according to which light scattering from particles should produce a straight line in a log-log plot of the absorbance versus wavelength. The slope of this line, a, gives qualitative information about the particle size. The exponent a can change between 0, for Thomson scattering, and 4, for Rayleigh scattering. For a suspension of liposomes with a fixed amount of lipids, an increase of absorbance at a certain wavelength indicates an increase in the density of particles with a diameter comparable to that wavelength. Fig. 2 b shows a log-log plot of the apparent absorbance due to scattering as a function of the wavelength for a liposome suspension subjected to a different number of FAT cycles. Values of a ranged from 1.2 (no FAT) to 2.9 (9 FAT cycles); for 5 FAT cycles a = 2.6. Data in Fig. 2 b illustrate that FAT procedure causes a decrease of absorbance at long wavelengths, which is compensated by its increase at short wavelengths. These spectral changes can be used to parameterize the changes of the particle size distribution in FAT processing of liposomes.
Liposome size distribution
Electron micrographs of liposomes were taken on a Hitachi HS-7S transmission electron microscope (Hitachi Instruments, San Jose, CA) at 50 kV acceleration voltage. Samples were stained by adding ruthenium red. Drops of the suspension were placed onto a carbon-coated grid and dried. Fig. 2 c shows the particle size distribution in the liposome suspension after 5 FAT cycles. The total number of particles counted, which were mainly single-layered liposomes, was 268. The solid curve represents a fit of a theoretical particle size probability distribution (Winterhalter and Lasic, 1993): co(R)ocR2 exp[ -(2 )], (14) where X is the probability of finding a vesicle with radius R (in nm). Rm for liposomes subjected to 5 FAT cycles was 103 nm. Fig. 3 ) and in suspensions with various lipid concentrations (0.3, 1.0, 3.0, 10 mg/ml at a ratio 9:1 of uncharged to charged lipids; Fig. 4 ). RuR concentrations were calculated from the absorbance data using Luft's formula Eq. for RuR solutions and using the modified formula (Eq. I 1) for the supernatant (centrifuged solutions contained residual lipids). 
where Ri is the distribution ratio for RuR concentration point i.
Effect of negatively charged lipids in PC-PS, PC-PI, and PC-PG membranes
In Fig. 3 (Fig. 3 a) , PI (Fig. 3  b) , and PG (Fig. 3 c) . For example, when the membrane contained about 5% PS (PC:PS ratio 19:1) the distribution ratio RRUR decreased from 1.0 to -0.5, indicating that -50% of RuR became bound to liposomes. Adsorption of RuR to similar PT-and PG-containing membranes was less.
The lower values of distribution ratio RRUR for 9:1 and 4:1 PC-PS, PC-PI, and PC-PG membranes demonstrate the enhancement effect of membrane surface charge. For the most strongly charged 4:1 PC-PS membranes -99% of RuR originally present became bound to liposomes and -1% remained in the aqueous phase. Binding of RuR to similar PC-PI and PC-PG was always smaller.
Qualitatively, the origin of the enhanced RuR binding with increasing surface density of negatively charged phospholipids is due to the increased RuR concentration at the aqueous side of the membrane-water interface. (At low RuR 
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[RuR] init, (M) about the same but lower compared to PC-PS. The dependence of the distribution ratio RRUR on the concentration of RuR can be understood in terms of the screening and neutralization of the negative membrane surface charge. At low RuR concentrations the change in the membrane surface charge density caused by the adsorbed RuR was insignificant. Consequently, the slope of the distribution isotherm is small. As the RuR concentration increased, the negative charge on the membrane became more screened by the free RuR and partially neutralized by the adsorbed RuR. These two mechanisms decrease the membrane surface potential, which in turn reduces the magnitude of the Boltzmann factor (Eq. 4). In this regime the interfacial concentration of RuR does not proportionately increase with the bulk RuR concentration. The consequence is smaller than proportional incremental binding of RuR. As the magnitude of the membrane surface potential Vm decreases further, the distribution isotherm ultimately approaches unity at high RuR concentration.
We have found it impossible to fit the data with either variant of the adsorption model (see Theory) using the Boltzmann factor exp(-6eVm/kT). This Boltzmann factor overestimates the interfacial concentration of RuR and thus overestimates RuR adsorption. It was found necessary to introduce an effective valency for RuR, ZRUR, eff (Eq. 4), whose value was obtained from the fit of the model to the data (see below).
Dependence of distribution isotherms on lipid concentration
The amount of lipids in the suspension determines the membrane surface area available to adsorption, and in this way it affects the value of the distribution coefficient RRUR. We have measured the distribution isotherms for different total concentrations of lipids to obtain the binding parameters of adsorption models. The experimental distribution isotherms for PC-PS, PC-PI, and PC-PG liposomes as a function of the total lipid concentration in the suspension are given in Figs. 4 was set at 9:1, and the lipid concentration was varied from 0.3 to 10 mg/ml. (Smejtek and Wang, 1990) , and PsCAT was made equal to the membrane surface area of hydrated egg PC (Small, 1986) . Figs. 3 and 4. Because it was uncertain how to treat adsorption of potassium ions to the mixed lipid membranes, the analysis was done for two cases. In case i) adsorption of potassium was ignored (KmCAT = 0), and in case ii) adsorption of potassium was slightly overestimated (KmCAT = 1.0 M 1)-ZRuR eff and KmRUR given in the left column in Table 2 correspond to an assumed absence of adsorption of potassium (case i); those in the right column correspond to conditions in which potassium ion adsorption was overestimated (case ii). It is noteworthy that the patterns in the values of the adsorption parameters for model B and model A are similar. The effective valency of RuR ion decreased with the increasing presence of negatively charged lipids in the membrane, and the ratios of association constants for PC-PS and PC-PI or PC-PG membranes were about the same as in model A. Furthermore, the values of binding parameters obtained from model B overlap with those obtained for model A. face. As the data indicate, the magnitude of this discrepancy increases with the increasing density of membrane surface charge.
DISCUSSION
This work has shown that the presence of negatively charged phospholipids in lipid bilayer is essential for the adsorption of RuR cations to phospholipid membrane, although it is not clear whether the adsorption is lipid specific or not, because models A and B provided very similar adsorption parameters. Another feature of the results is that it became necessary to invoke an effective charge of the RuR cation, which turned out to be smaller than the physical charge of +6e. We have examined the potential impact of impurities in the commercial samples of RuR and concluded that the impurities cannot meaningfully alter the above results. (It is important to keep in mind that commercially available RuR used in this study as well as in others reported in the literature was not pure and that some of the impurities present in RuR are ionic. The two possible processes in which the ionic impurities would affect our results are i) reduction of membrane surface potential below the value expected from the content of negatively charged lipids in the membrane due to additional screening and ii) adsorption to the membrane. Therefore, association constants given in this paper should be considered as the lower limit for pure RuR. RuR. Furthermore, we have verified the stability of our results and conclusions against the effect of impurities using our computer model by assuming the presence of 45% ruthenium brown (with adsorption properties similar to RuR) in addition to RuR.) The "anomalous" behavior of charged molecules at membrane-water interfaces is often discussed in terms of the discreteness of charge. The membrane charges due to negatively charged lipids dispersed in the matrix of electrically neutral lipids are discrete, whereas the Gouy-Chapman model of the diffuse double layer assumes membrane charge smeared at the membrane surface (Nelson and McQuarrie, 1975; Andersen et al., 1978; Wang and Bruner, 1978; Schoch and Sargent, 1980; Tsien and Hladky, 1982; Schwartz and Beschiaschvili, 1989; Beschiaschvili and Seelig, 1990) . Probing the concentration of co-ions and counter-ions in the vicinity of the charged membrane surface by fluorescence, EPR probes and c-potential methods indicated that the Langmuir-Stern-Grahame model described remarkably well the experimental results when membranes contained singly charged lipids (Winiski et al., 1986; Langner et al., 1990) , as in our case. Anomalies were found for PC membranes containing negatively charged trivalent lipids, phosphatidylinositol 4,5-biphosphate, PIP2 (Langner et al., 1990) . What is most interesting is that n ri ml n I rl anomalies were found for the distribution of negatively charged probes, i.e., of co-ions, whereas dominating effects due to the discreteness of charge were expected for the counter-ions (Nelson and McQuarrie, 1975 Lau et al., 1981; McLaughlin et al., 1981; Chung et al., 1985; McLaughlin, 1989; Graham et al., 1990; Smejtek and Wang, 1990; Tatulian, 1993 Tatulian, , 1994 , as well as for Ca2+ adsorption and dependence of Ca2+ adsorption on ionic strength for ATPase in SR membranes (Scofano et al., 1985) . Is the anomalous behavior of RuR due to the discreteness of membrane charge? In the present study the membranes contained singly charged lipids, and the adsorbing species were hexavalent counter-ions. The discrete charge effects are generally expected to be prominent when the separation between charges is greater than the Debye length. In our system the average separation between negative phospholipids varied from 3.8 nm (19:1 membranes) to 1.9 nm (4:1 membranes), and the Debye length of the aqueous medium remained -2.5 nm, within the greater portion of the experimental RuR concentration range. Because the separation between charges and the Debye length was comparable and considering the computed electrostatic potential distribution for charged membranes using a nonlinearized Poisson-Boltzmann equation (Peitzsch et al., 1995) , the discrete charge effects are not expected to be prominent in the present work. Furthermore, estimates of the Boltzmann factor based on a simple discrete charge model (Nelson and McQuarrie, 1975) suggest that ZRUR effe should be much greater than the physical charge of RuR, which is in conflict with our experimental finding.
Effective charges smaller than the physical charge, ze, were also reported in studies of adsorption of bee venom peptide melittin (Zeff 2, in contrast to z = 5-6) (Schoch and Sargent, 1980; Schwartz and Beschiaschvili, 1989; Beschiaschvili and Seelig, 1990) ; for positively charged peptides lysinen and argininen, Zpentalysine, eff 2 instead of z = 5 (Kim et al., 1991) ; for mixed peptides Zeff 2.5 in contrast to z = 5 (Mosior and McLaughlin, 1992) ; and for peptides corresponding to the pseudosubstrate region of protein kinase C, Zeff 2.5-3 instead of z = 5 . It was assumed that the effect of reduced charge of these large peptides was associated with the discreteness of membrane charge, partial neutralization, and finite size of the peptides. It is interesting that Stankowski's model (1991) predicts Zeff < z, as observed in the binding studies with peptides. It is not clear a priori that the origin of "anomalous" behavior of peptides and RuR is the same.
Another possible origin of reduced effective charge of multivalent ions is the formation of complexes. It is conceivable that RuR6+ would form complexes with countereffective in the adsorption of RuR, the concentration of RuR6+ nOH-complexes at the membrane/water interface would decrease with the increasingly negative membrane surface potential because of the repulsion of OH-from the membrane/water interface. According to this scenario Zeff iS expected to increase with the increasing content of negatively charged lipids in the membrane, whereas the opposite is taking place (Fig. 5) . (This argument, which eliminates the formation of RuR6+ nOH-complex as the origin of reduced effective charge of RuR, was contributed by the reviewer. Furthermore, RuR is stable within a narrow range of pH, which precludes studies of the effect of pH on Zeff.)
Reduced screening of the membrane surface by multiply charged ions and therefore reduced interfacial concentration (compared to that predicted from simple Gouy-Chapman theory) was observed for charged molecules with widely separated charges, such as hexamethonium (Carnie and McLaughlin, 1983; Alvarez et al., 1983 ). This effect is prominent when the Debye length is shorter than the separation between charges. RuR can be regarded as a charged cylinder of length 1.2 nm (Carrondo et al., 1980) or as a linear array of three charges separated by 0.6 nm. Under our experimental conditions the length of the RuR ion is smaller than the Debye length (-2.5 nm), and thus it is not known how effective this mechanism of reduction of the interfacial concentration of RuR would be in our case. We speculate that the effect of reduced effective charge of RuR is the consequence of the finite size of RuR and the assumption of ions as pointlike particles in the Gouy-Chapman model of the diffuse double layer. (Finite size effects are expected to be prominent for hexavalent RuR because the Boltzmann factor for pointlike RuR ions is equal to the sixth power of the Boltzmann factor for monovalent cations. This approach leads to extremely short inter-ion distances and unrealistically high concentrations of RuR within the double layer close to the membrane surface.)
It is also possible that some RuR trapped in the diffuse double layer is removed from the aqueous phase when centrifuging the liposomes. If the entrapment effect dominated the removal of RuR in our studies, we would not be able to observe differences between PC-PS, PC-PI, and PC-PG membranes. Computer modeling of this effect indicated that the S shape of the distribution isotherm, as seen in our experimental results, is possible only when adsorption of RuR takes place in addition to entrapment within the diffuse double layer. The consequence of introduction of the entrapment effect (for which we do not have data) would be an increase of the magnitude of the association constant and a decrease of effective valency. Thus the values of association constants reported here should be regarded as their lower limit and those for the effective valency as their upper limit.
It is highly desirable to measure in future studies of interaction of RuR with charged membranes the electrophoretic mobility of liposomes to determine the membrane surface potential directly and, if possible, the interfacial ions, such as OH-. However, if such mechanisms were formation on the magnitude of the Boltzmann factor. New studies will require novel approaches, e.g., microelectrophoresis with ultrasonic rather than optical detection of liposome velocity because RuR solutions are strongly colored, and use of special plastics because of strong staining of glass surfaces by RuR.
Relevance to biomembranes Results of binding studies with phospholipid bilayers make it possible to examine the significance of the binding of RuR to the lipid bilayer matrix in biological membranes.
We consider the membrane of the sarcoplasmic reticulum (SR) as a prototype biomembrane. Although functionally complex, its composition is simple; the SR consists primarily of calcium pumps that constitute about 90% of the membrane proteins, and its lipid matrix contains a significant amount of phospholipids. In the discussion of RuR binding to SR, we assume the same molar ratio of phospholipids to protein as used in the analysis of x-ray diffraction data (Herbette et al., 1985) , viz. 128 mol phospholipids/ mol calcium pumps.
Based on x-ray diffraction results (Herbette et al., 1985) the Ca pumps form a lattice with unit cell size -11-12.5 nm. The outer disk of the pump covers approximately 20-40 nm2 of membrane surface area, and the arrangement of Ca pumps corresponds to one pump per -140 nm2 of membrane surface. Consequently, the area of the "protein-free" bilayer represents -80% of the total membrane surface of SR. These data make it possible to relate adsorption of RuR measured for phospholipid bilayers to that observed for SR membranes.
The surface charge of the SR membrane is negative, and the charge density reported in the literature is (5.4 -9.2) X 10-3C/m2 (Arrio et al., 1984; Liu and Oba, 1990) , which' corresponds to -(0.034-0.058)e/nm2. The values for the surface charge density of SR were determined from the electrophoretic mobility of SR vesicles and should be regarded as the lower limiting value of surface charge density. (The reason for this caution is that the Ca pumps protrude from the SR membrane surface, so that the position of shear plane at which '-potential is determined is unknown. The presence of protrusions results in additional frictional force, which also have not been accounted for. The surface charge density of SR may be therefore underestimated.) We expect that the charge density of the SR membrane is comparable to that of liposomes made from mixtures of uncharged to charged phospholipids within the 19:1-9:1 range. (Moutin et al., 1992) that the so-called low-affinity sites on SR membranes can be indeed associated with the lipid matrix.
Another relevant point to the studies of RuR adsorption on biomembranes is that in spite of small values for the intrinsic association constant of RuR with the phospholipid membranes, the adsorption of RuR to negatively charged phospholipid bilayers is significant, even at low RuR concentrations. This is due to the strong attractive force acting on hexavalent RuR ions within the diffuse double layer. The electrostatic interactions between RuR and the negatively charged membrane result in interfacial concentrations of RuR ions many orders of magnitude higher than in the bulk solution. This increased interfacial concentration of RuR shifts the binding equilibrium toward a greater density of membrane-bound RuR. Thus, regardless of the origin of binding sites, be it active sites on membrane-bound proteins or the lipid matrix, the fraction of these sites occupied by RuR is equal to 1 + KR[RuR]lqexp(-ZR(R,effeVB 16) group was thought to represent "nonspecific cation binding From this follows that 1) the product KmRUR[RUR]eq exp(-VRuR, effeVm/kT) determines the degree of occupancy of adsorption sites, 0, and 2) the intrinsic association constant is not the quantity obtained in conventional binding studies because the value of the Boltzmann factor, exp( ZRUR, effeVm/kT, is usually unknown.
